AbstractdThe left and right ventricular function of the heart are influenced by the complex structure of the ventricular septum. The cyclic variation of ultrasonic backscatter over the cardiac cycle is known to be sensitive to both structural and functional characteristics of the myocardium. The objective of this study was to investigate differences in the measured magnitude and normalized delay of cyclic variation between the left and right sides of the ventricular septum in normal adult subjects (N 5 31). The measured mean magnitudes of cyclic variation were found to be 4.9 ± 0.4 dB and 2.4 ± 0.3 dB (mean ± SE; p , 0.0001) and the corresponding normalized delay values were found to be 0.94 ± 0.05 and 1.59 ± 0.12 (mean ± SE; p , 0.0001) for the left and right sides, respectively. These results show significant differences in the measured magnitude and normalized delay of cyclic variation between the left and right sides of the ventricular septum in normal subjects that appear consistent with predictions based on previously described models of cyclic variation of backscatter and reported measurements of transmural differences in strain properties of the septum.
INTRODUCTION
There is considerable interest in characterizing the complex morphologic and functional properties of the ventricular septum (Flachskampf and Voigt 2005) as an approach for determining how alterations in these properties might affect left-and right-ventricular performance. The contribution of the interventricular septum to left and right ventricular function in a number of disease states was recently reviewed by Saleh et al. (Saleh et al. 2006) In their article, the authors point out that developing a better understanding of septal structure and normal function might provide the necessary context to explain and unify a variety of clinical observations.
In a recently published study, Boettler et al. (Boettler et al. 2005) showed that the septum can be divided into a left and a right side delineated by the bright echocardiographic signal that is observed in echocardiographic images of most subjects. In their study, they report differences in thickening and radial strain between the two sides of the septum but not in longitudinal motion. Results from their investigation suggest the septum to be a morphologically and functionally bilayered structure in which the two sides are potentially supplied by different systems of coronary arteries. They speculate that these observed differences between the left and right sides may be the result of the complex fiber architecture associated with each side of the septum. Furthermore, they suggest that the bright echogenic region within the septum may arise from the angle of insonification of the ultrasonic beam relative to the complex fiber architecture within the septum and, perhaps, due to the presence of coronary arteries in this region.
In a related study, Lindqvist et al. report tissue strain and strain rate measurements in the septum of normal subjects (Lindqvist et al. 2006 ). Their results demonstrate differences in the radial deformation in different layers of the ventricular septum. They too speculate this observation may be attributable to the complexity of the myofiber architecture in the septum. Understanding and establishing the normal patterns of these septal properties in hearts will be a prerequisite to their use in discerning the evolution of myopathic heart disease.
The systematic variation of ultrasonic backscatter from myocardium during the cardiac cycle (known as the cyclic variation of backscatter) has been shown to be sensitive to both structural and functional characteristics of the tissue. The objective of the present study was to lay the foundation for future studies identifying alterations in structure and function arising from specific pathologies by comparing measurements of the cyclic variation of backscatter from the left and right sides of the ventricular septum in normal adults. The rationale that underlies this study is that intrinsic myocardial architecture and composition can be determined through echocardiography-based tissue characterization studies.
A significant number of investigations have demonstrated the relationship between measured ultrasonic parameters (attenuation, backscatter, speed of sound) and the inherent properties of myocardial tissue. The nature of the intrinsic myocardial properties (e.g., the types and concentrations of proteins present and the resulting specific intra-and extracellular viscoelastic properties) as well as the geometrical properties (structural morphology) of the myocardium, combine to produce the observed ultrasonic parameters (Hall et al. 2000; Hoyt et al. 1984; Kumar and Mottley 1994; Mimbs et al. 1980; O'Brien et al. 1995a O'Brien et al. , 1995b Rose et al. 1995; Wickline et al. 1985a) For example, several studies have illustrated the relationship between the measured ultrasonic backscatter properties and collagen content in myocardial tissue (Hall et al. 2000; Hoyt et al. 1984; Mimbs et al. 1980; O'Donnell et al. 1981; Pohlhammer and O'Brien 1981) . Results demonstrated an increase in both the measured ultrasonic attenuation and backscatter correlate well with increased collagen concentration determined biochemically or histologically. In addition, several studies from our laboratory and others have demonstrated the profound effects of anisotropic myocardial structure can have on measured ultrasonic properties Hoffmeister et al. 1995; Madaras et al. 1988; Marutyan et al. 2006; Miller 1988, 1990; Verdonk et al. 1992 Verdonk et al. , 1996 Yang et al. 2007 ) These anisotropic properties of the myocardium can greatly influence the observed apparent backscatter in echocardiographic images (Aygen and Popp 1987; Holland et al. 1998 Holland et al. , 2005 Recchia et al. 1995) .
A clinically applicable approach for investigating intrinsic myocardial properties is the measurement of the cyclic variation of backscattered ultrasound from the myocardium over the heart cycle. This approach has been utilized for investigating intrinsic myocardial characteristics in vivo (Madaras et al. 1983; Wickline et al. 1985a ) and has been successfully applied to characterize a number of cardiac pathologies (Perez et al. 1996) . Measurements of the cyclic variation of backscatter represent a clinically effective approach for characterizing the nature of backscatter properties from a myocardial region because each heart serves as its own reference. In this approach, only the relative change in myocardial backscatter over the heart cycle is measured, not the absolute level of backscatter. (Estimates of the absolute level of ultrasonic backscatter require explicit compensations for imaging system dependent contributions such as system gain and beam volume and ultrasonic field propagation effects including effects of overlying attenuation.) By measuring the cyclic variation of myocardial backscatter, the effects of imaging system gain, body habitus and other effects that can influence the overall backscattered signal are minimized provided that the acquired images are obtained under conditions in which the backscatter signals are above the noise floor and below the saturation limit.
The complex fiber orientation appears to play a significant role in the transmural properties of the septum (Crosby et al. 2009 ). However, we chose to investigate the potential contributions of additional characteristics that may differ between the left and right sides of the septum. To accomplish this, we chose to use the parasternal long-axis view of the heart to minimize the effects of myocardial anisotropy as described below.
METHODS

Subjects
Data from 31 normal adult human subjects (mean age: 40.2 6 6.3 years; 13 male, 18 female) were acquired and included in this study. Signed informed consent for participation was obtained from each of the subjects under a human studies protocol approved by the Washington University institution review board (IRB). Resting and stress echocardiographic examinations were performed on each subject to rule out any preexisting cardiac disease prior to acquiring data for this study.
Image acquisition
Echocardiographic images for this study were obtained using a GE Vivid 7 ultrasonic imaging system (General Electric Medical Systems, Milwaukee, WI, USA) with a M3S phased array probe. Images were acquired using the approach previously published by our laboratory in which the imaging system was configured in a manner that permits quantitative assessment of grayscale images Holland et al. 2006 Holland et al. , 2009 Kovacs et al. 2004 ). Images were acquired in the harmonic imaging mode using a transmitted center frequency of approximately 1.7 MHz (the fundamental frequency) and received signals at a center frequency of approximately 3.4 MHz (the harmonic frequency). The imaging system was configured to provide an approximately linear relationship between a change in backscattered ultrasound intensity (expressed in decibels, dB) and a change in the displayed gray-scale value (i.e., a linear compression curve) over the useful dynamic range of the imaging system. This was achieved and verified using our previously described approach .
Parasternal long-axis images of the heart were acquired with the overall (two-dimensional, 2-D) receive gain and time-gain compensation (TGC) controls adjusted to provide unsaturated, midlevel gray-scale backscatter values from the mid-myocardial regions. For each subject imaged, image data corresponding to approximately five heart cycles were acquired and stored as DICOM movies. The acquired data were archived for subsequent off-line analyses. The parasternal long-axis echocardiographic view provides images with the insonifying ultrasonic field primarily perpendicular to the predominant myocardial fiber orientation and, hence, reduces the confounding effects of tissue anisotropy on echocardiographic measurements (Aygen and Popp 1987; Finch-Johnston et al. 2000; Holland et al. 1998; Recchia et al. 1995) .
Generation of cyclic variation data
Cyclic variation of backscatter data were generated by analyzing the acquired echocardiographic images off-line. The acquired echocardiographic image files were converted from DICOM to Quicktime (Apple Computer, Cupertino, CA, USA) image format using the OsiriX (The OsiriX Foundation, Geneva, Switzerland) image viewing software package. These Quicktime movie files were subsequently analyzed using the NIH ImageJ (National Institutes of Health, Bethesda, MD, USA) image analyses package.
To provide the greatest flexibility in region-ofinterest size, shape and orientation, the image analysis software tools available within NIH ImageJ were used to place separate regions-of-interest of approximately the same size and shape in the left and right sides of the ventricular septum. The left and right sides of the ventricular septum could often be delineated by a series of bright echoes present in the mid-septum as described by Boettler et al. (2005) . In those cases where definitive bright mid-septal echoes could not be clearly identified, regions-of-interest approximately one-half of the thickness of the septum were placed on the left and right sides. The position of each region-of-interest was manually adjusted in every acquired image frame such that approximately the same two-dimensional area of myocardium was measured over the available heart cycles. The mean gray-scale value within each region-of-interest was recorded for each image frame, thus, producing a trace of mean backscatter values as a function of frame number (i.e., time). The potential effects of the spatially varying gain associated with time-gain compensation (TGC) on the measured mean gray-scale value obtained for spatially adjusted positions of the region-of-interest over the heart cycle are thought to be relatively small because adjustments in the positions of the regionsof-interest within the septum over the heart cycle are relatively small compared with the dimensions associated with the TGC zones. Changes in measured mean grayscale values from within the regions-of-interest, were converted to changes in ultrasonic backscatter values expressed in decibels using our laboratory's previously described system calibration procedure (Holland et al. 2005 Kovacs et al. 2004; Sosnovik et al. 2001) These data represent the measured cyclic variation of backscatter waveforms.
This approach differs from the original method employed by our laboratory that utilized measurements of the integrated backscatter from the myocardium over the heart cycle (Madaras et al. 1983) . The current method is based on analyses of gray-scale echocardiographic images acquired with the imaging system configured with the linear decibel to gray level mapping described above and represents an alternative approach for estimating changes in the mean level of backscattered energy from the myocardium over the heart cycle, just as in the case of integrated backscatter estimates. Recently published studies from our laboratory have successfully utilized this new approach to measure the cyclic variation of backscatter Holland et al. 2009; Kovacs et al. 2004) . Figure 1 illustrates the typical sizes and positions of regions-of-interest placed in the left side and right side of the ventricular septum in the parasternal long-axis view of the heart. Example measured cyclic variation data, showing changes in the mean backscatter level within the respective regions-of-interest from the left-and right-sides of the septum over four complete heart cycles, are shown. The dashed lines represent end diastole and serve to delineate the individual heart cycles.
Measurement of the magnitude and delay of cyclic variation of backscatter
The measured cyclic variation of backscatter data were characterized in terms of their magnitude and normalized time delay. The magnitude of cyclic variation represents an estimate of the difference between the average peak and average nadir values of backscatter over the heart cycle and the normalized delay is defined as the time from the onset of systole to the midpoint of the low level of the cyclic variation data divided by the time of the systolic interval (Finch-Johnston et al. 2000; Holland et al. 2006; Mobley et al. 1995; Mohr et al. 1989) . For the cyclic variation data generated from each echocardiographic image file analyzed, the individual heart cycles were delineated by determining the image frames closest to end-diastole from analysis of aortic valve position (or mitral valve position if the aortic valve was not visible) in the acquired echocardiogram. Endsystolic frames for each heart cycle were identified in a similar fashion. For each set of cyclic variation data, a composite cyclic variation waveform was constructed by averaging the individual cyclic variation data for each heart cycle. This was accomplished by plotting the measured backscatter as a function of the percent of the individual heart cycle, linearly interpolating values between measured frames and averaging the individual cyclic variation data. The composite cyclic variation data was expressed as a zero-mean waveform and lowpass binomial filtering was applied to reduce noise. Figures 2a and b represent an example of the construction of the composite (average) cyclic variation of backscatter data from individual cyclic variation data.
The magnitude and normalized delay of cyclic variation were determined using a automated algorithm previously described by our laboratory (Mobley et al. 1995; Mohr et al. 1989) . In this approach, a model function is constructed from the filtered composite cyclic variation data from each region-of-interest. The model function is based upon the average systolic and diastolic interval information with a minimum level of backscatter associated with systole. The magnitude of the cyclic variation data is determined from analyses of components of the Fourier decomposition of the measured cyclic variation data and model function. The normalized delay is the time from the start of systole to the midpoint of the low-level portion of the model function that was shifted to maximize the cross-correlation with the measured data. This value was normalized by the systolic interval to provide the normalized delay value. A diagram illustrating an example of the magnitude and normalized delay for a model function derived from measured cyclic variation of backscatter data is depicted in Figure 2c . Figure 3 illustrates examples of composite cyclic variation of backscatter data from regions-of interest placed in the left and right sides of the septum from two subjects studied in this investigation. Panels on the left illustrate the measured (and filtered) composite cyclic variation data from the subjects and panels on the right depict the corresponding fit model functions to the data. To illustrate differences in the magnitudes and normalized time delays of the cyclic variation from the two sides of the septum more clearly, these data are plotted as lowpass binomial filtered, zero-mean curves. In these examples, it appears that that magnitude is smaller and the normalized time delay is larger for cyclic variation from the right side of the septum than for the corresponding data form the left side of the septum. Figure 4a shows the measured magnitudes of the cyclic variation of backscatter for regions-of interest placed in the left-and right-sides of the septum from each of the 31 subjects studied along with the mean and standard error values of the group as a whole. These data show a significant difference in the measured magnitude of cyclic variation between the left and right sides of the ventricular septum. The measured mean magnitudes of cyclic variation were found to be 4.9 6 0.4 dB and 2.4 6 0.3 dB (mean 6 SE; p , 0.0001, paired t-test) for the left and right sides of the ventricular septum, respectively.
RESULTS
The corresponding measured normalized time delay of the cyclic variation of backscatter for regions-of interest placed in the left and right sides of the septum from each of the 31 subjects along with the mean and standard error values are shown in Figure 4b . These data show a significant difference in the measured time delay of cyclic variation between the left and right sides of the ventricular septum. The normalized delay values were found to be 0.94 6 0.05 and 1.59 6 0.12 (mean 6 SE; p , 0.0001) for the left and right sides, respectively. These results show that the mean measured magnitude of cyclic variation is larger and the normalized time delay is smaller for the left side of the ventricular septum than for the right side of the septum.
Because placement of the regions-of-interest could affect the measured magnitudes and time delays of cyclic variation for the left and right sides of the ventricular septum, measurements of all 31 subjects were repeated by a second observer to gain a sense of the reproducibility of the overall effect reported here. Based on that analysis, the mean magnitudes of cyclic variation were found to be 4.0 6 0.3 dB and 2.8 6 0.3 dB (mean 6 SE; p 5 0.003) for the left and right sides of the ventricular septum, respectively. The normalized delay values were found to be 1.03 6 0.08 and 1.91 6 0.12 (mean 6 SE; p , 0.000001) for the left and right sides, respectively. Although the resultant values for the mean magnitudes and time delays exhibit differences between the two sets of measurements, both sets of analyses demonstrate significantly larger magnitudes and smaller time delays for the left side of the septum than for the right side.
DISCUSSION
The results of this study demonstrate that the magnitude and normalized time delay of cyclic variation are significantly different for measurements of the left side of the ventricular septum than for the right. This observation that the left and right sides of the septum exhibit distinct features is consistent with the results of Boettler et al. who report differences in radial deformation between the two sides of the septum (Boettler et al. 2005) . They found the radial wall thickening, strain, and strain rate to be larger on the left side than on the right. Similarly, Lindqvist et al. report differences in the radial deformation over the heart cycle in different layers of the ventricular septum (Lindqvist et al. 2006) . They too report the strain and strain rate to be larger on the left side of the septum than on the right. In both of these studies, the investigators speculate that these observations may be attributable to the complexity of the myofiber architecture in the septum.
The distinct features of the ventricular septum were also addressed in a previously published study from our laboratory where we reported measurements of the transmural variation in the apparent ultrasonic attenuation properties for the septal (and lateral) walls of excised sheep hearts (Sosnovik et al. 2001) . Images were obtained with the orientation of the incident insonifying ultrasonic field relative to the septum arranged in a manner similar to that used to acquire apical four chamber echocardiographic views. The different regions of the septum exhibited different apparent backscatter properties with the mid septal region exhibiting a relatively higher level of backscatter than the left or right sides of the septum. Measurements of the apparent ultrasonic attenuation properties of the septum exhibited less apparent attenuation for the mid septal region than for the left and right sides. Furthermore, these data showed that the apparent attenuation was larger for the right side than the left side of the septum. In a recently published study, Crosby et al. (Crosby et al. 2009 ) demonstrated the effects of fiber orientation on echocardiographic images. The authors illustrate that fiber orientation in the septum relative to the direction of the insonifying beam can have a profound effect on image characteristics. Their images of excised porcine hearts and corresponding image simulations clearly show regions of increased backscatter when the insonifying beam is normal to the local fiber orientation. Because the measurements obtained in both of the studies described above were acquired in a manner (using the apical four-chamber orientation) in which the effects of local fiber orientation relative to the insonifying beam would have a profound effect on the observed ultrasonic properties, these data seem to be consistent with the speculation that many of the observed features of the septum may be attributable to the complexity of its myofiber architecture.
For the cyclic variation studies reported in this paper, we chose to utilize the parasternal long-axis view of the heart because the insonifying beam remains primarily perpendicular to the predominant myofiber orientation in both regions of the septum over the heart cycle, thus reducing the effects of changes in fiber orientation on measurements. Although the nature of complex fiber orientation may play a significant role in the transmural functional properties of the septum, analyses of septal properties obtained from cyclic variation measurements of the parasternal long-axis view permits the investigation of additional characteristics that may differ between the left and right sides. As a consequence, we suggest that the results from the current study indicate significant differences in backscatter properties over the heart cycle distinct from those that result from the complex nature of the myofiber direction in the septum.
Although it seems unlikely that all of the sources of the observed variation of backscatter over the heart cycle have been delineated, there are several proposed mechanisms that may contribute substantially (Gong et al. 2006; Hall et al. 2000; Holland et al. 2004; Kumar and Mottley 1994; Micari et al. 2006; O'Brien et al. 1995a; Rose et al. 1995; Wickline et al. 1985a ). In addition to mechanisms associated with changes in fiber orientation, changes in myocardial blood volume, scatterer size, shape and concentration as well as relative intra-and extracellular acoustic impedances over the heart cycle may all play a role. In particular, it may be instructive to determine whether the results observed in this study are consistent with what might be anticipated based on a previously described model of the cyclic variation of backscatter properties of myocardium Wickline et al. 1985a Wickline et al. , 1985b In this approach, the myocardium is modeled as a two-component system (intracellular and extracellular) where one contribution to the observed cyclic variation of backscattered energy may result from the systematic variation in the relative differences between intracellular and extracellular characteristic acoustic impedances over the heart cycle; here the acoustic impedances are directly related to their respective stiffness properties.
Because the intracellular stiffness demonstrates a nonlinear (non-Hookean) elastic behavior with elongation (Helmes et al. 1996) , the stiffness of the intracellular component is less at low strains (such as those encountered during diastole) and increases during contraction. Hence, the intracellular impedance becomes closer in value to the relatively larger impedance of the stiffer extracellular impedance during systole resulting in a reduction in acoustic impedance mismatch and, hence, in backscatter. As the systolic strain is increased, the corresponding stiffness of the intracellular elastic element is increased accordingly giving rise to a further reduction in the difference between the intracellular and extracellular acoustic impedances during systole as schematically illustrated in Figure 5a . Figure 5b depicts the predicted relationship between the magnitude of cyclic variation and systolic strain level using this model. This figure shows that the predicted magnitude of cyclic variation increases as the systolic strain level increases. This model incorporates only one of several potential mechanisms that may contribute to the observed changes in ultrasonic backscatter over the heart cycle. Other mechanisms, such as changes in scatterer (fiber) density or myocardial blood volume arising from changes in myocardial strain, could provide significant contributions as well.
Based on the model of cyclic variation described above and the results reported by Boettler et al. (2005) and Lindqvist et al. (2006) showing the radial strain to be larger on the left side of the septum than on the right, we would predict the magnitude of cyclic variation to be larger in the left septum than in the right septum. This prediction is consistent with what was observed in our measurements. It is important to note that only the relative changes in intra-and extracellular acoustic impedances over the heart cycle were incorporated in the model and that the reported differences in radial strain properties between the left and right side of the septum represent only one of the strain components. However, despite these limitations, the model utilized in this study appears to work well and seems to predict the nature of the observed results in this study. The results of this study are consistent with those reported by Bombardini et al. showing a larger magnitude of cyclic variation for the left side of the septum than on the right in normal subjects (Bombardini et al. 1996) . However, m-mode based measurements described by Naito et al. (Naito et al. 1994 (Naito et al. , 2001 ) and Hirooka et al. (Hirooka et al. 2003) do not appear to exhibit this same trend in normal subjects. It is not clear whether these observed differences among the studies could result from the spatial averaging utilized in analyses of 2-D images (in this study and in the Bombardini et al. study) that were not available in the m-mode based studies. The previous investigations did not report measurements of the normalized time delay.
It may be useful to examine the results of this study in light of the current thoughts regarding the relationship between myocardial architecture and observed cardiac mechanics. Several studies have reported a transmural variation in fiber orientation with a right-handed helical arrangement of fibers in the subendocardial region and a left-handed helical arrangement of fibers in the subepicardial region that appear to be largely preserved in the ventricular septum (Anderson et al. 2005; Greenbaum et al. 1981; Lunkenheimer et al. 2006; McLean et al. 1989; Streeter et al. 1969; Torrent-Guasp et al. 2001) . Studies suggests that the right-handed helical arrangement of fibers contract first followed by the contraction of the left-handed helical arrangement of fibers (Buckberg et al. 2008; Sengupta et al. 2007) . By design, we acquired images in the parasternal long axis view where we would not be sensitive to the detailed nature of the fiber orientation; however, differences in contraction times would be observable. This sequence of contraction events (right-handed helical fibers contacting first followed by the left-handed helical arrangement of fibers) appears consistent with the normalized delay of cyclic variation observed in the current study (normalized delay to be smaller on the left side of the septum than on the right).
CONCLUSIONS
Results of this study show significant differences in the measured magnitude and normalized delay of cyclic variation between the left and right sides of the ventricular septum in normal subjects. These results appear consistent with predictions based on previously described models of cyclic variation and the reported measurements of transmural differences in strain properties of the septum. These cyclic variation data, along with previous strain studies, appear consistent with the view that the ventricular septum behaves as a morphologically and functionally bilayered structure associated with the helical nature of myocardial fiber arrangement.
